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The Saalian was one of the largest glaciations during the Quaternary with an ice sheet 36 
extending considerably wider into the Eurasian continent than during other glacials. Orbital 37 
variations caused the ice sheet to switch between growing and shrinking. The partial retreat of 38 
the ice sheet and meltwater discharge resulted in global sea-level rise and increased lake levels 39 
of inland seas with broader environmental implications. During Marine Isotope Stage 6 (MIS 40 
6), meltwater entered the formerly enclosed Black Sea at least twice as documented in a δ18O 41 
record from Anatolian speleothems. Here we present a sedimentary record from the Black Sea 42 
“Lake” covering MIS 6 and provide evidence for three meltwater periods coinciding with 43 
insolation maxima (BSWP-6-1: 180-167 ka BP, BSWP-6-2: 160-145 ka BP, BSWP-II: 133-44 
130 ka BP). While δ18Oostracods and Sr/Caostracods point to pronounced meltwater supply and 45 
decreasing salinity, 87Sr/86Srostracods shed light on meltwater sources and pathways. During all 46 
three periods, meltwater drained most likely via the Dnieper and Volga into the Black and 47 
Caspian Seas and connected both basins. Relatively low 87Sr/86Srostracods values during the oldest 48 
meltwater period suggest melting solely of the eastern Eurasian Ice Sheet. In contrast, during 49 
the younger meltwater periods, exceptional high 87Sr/86Srostracods values point towards additional 50 
meltwater from the western Eurasian Ice Sheet. A surplus from melting glaciers in the Tian 51 
Shan and Pamir Mountains that finally entered the Caspian Sea via the Amu Darya and Sry 52 
Darya probably amplified the input of high radiogenic Sr-isotope water. We also show that 53 
higher temperatures and productivity suggest Dansgaard-Oeschger-like climate variability 54 
during the first half of MIS 6. 55 
 56 
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1. Introduction 61 
Earth’s climate is very sensitive and fluctuates on various timescales triggered by the 62 
interaction between external forcing (e.g. insolation) and internal feedback (e.g. ice sheet 63 
volume, albedo, greenhouse gases, atmospheric/oceanic circulation; Milanković, 1969; Imbrie 64 
et al., 1989; Abe-Ouchi et al., 2013). Due to minimum insolation on Earth, continental ice sheets 65 
covered large parts of the northern hemisphere during the last two glacials, the Saalian and 66 
Weichselian, causing global sea level fall (Berger and Loutre, 1991; Svendsen et al., 2004; 67 
Bintanja and van de Wal., 2008). The disintegration of the continental ice sheets during glacial-68 
interglacial transitions (terminations) and within milder periods during the glacials resulted in 69 
a rising global sea level (Bintanja and van de Wal, 2008; Grant et al., 2012, 2014). The Saalian 70 
Eurasian Ice Sheet extended considerably wider south-eastward into the continent and its most 71 
southern component, the Dnieper lobe stretched as far as 50°N (Svendsen et al., 2004; Ehlers 72 
and Gibbard, 2007; Colleoni et al., 2016; Hughes and Gibbard, 2018; Marks et al., 2018). In 73 
contrast, the last glacial Eurasian Ice Sheet margin covered an area between ca. 55°N and 60°N 74 
and was much less in touch with the Eurasian landmasses (Svendsen et al., 2004).  The 75 
maximum ice thickness during the Saalian was 4,500 m with its centre located over the Kara 76 
Sea (Lambeck et al., 2006), whereas during the Weichselian it was 3,000 m high and centred 77 
over the Barents Sea (Lambeck, 1996). The much larger ice sheet extent during the Saalian 78 
likely resulted in colder inland climate conditions. The history of the waxing and waning 79 
Eurasian Ice Sheet with estimation of its extent across the continent is best documented for the 80 
last glacial (e.g., Svendsen et al., 2004; Lambeck et al., 2006; Larsen et al., 2006; Hughes et al., 81 
2016), whereas reconstructions of the Saalian Ice Sheet are mainly limited to the penultimate 82 
glacial maximum around 140 ka BP (Svendsen et al., 2004). 83 
Another feature of the glacial climate system is a pronounced millennial- to centennial-84 
scale climate variability (i.e. during Marine Isotope Stages (MIS) 2-4; 14-71 ka BP) expressed 85 




1988; Dansgaard et al., 1993; Sima et al., 2013). The so-called Dansgaard-Oeschger (DO) 87 
cycles were originally detected by δ18O variations in Greenland ice cores (Dansgaard et al., 88 
1993) showing alternations between abrupt warming during interstadials and gradual cooling 89 
during stadials. Previous studies have shown that the Black Sea sediments deposited during the 90 
last glacial document these DO cycles exceptionally well (Nowaczyk et al., 2012; 91 
Shumilovskikh et al., 2014; Wegwerth et al., 2015, 2016). Similar climate variations may have 92 
also occurred during the penultimate glacial as suggested from a synthetic Greenland ice core 93 
record (Barker et al., 2011). 94 
Proxy-based evidence for climate changes, on both glacial-interglacial and millennial 95 
timescales, is provided from sediment and ice cores as well as from speleothems worldwide 96 
(e.g., Dansgaard et al., 1993; Martrat et al., 2004; Wang et al., 2008). Nevertheless, continental 97 
archives from the Eurasian interior recording climate change during the last ~200 kyrs are 98 
comparatively rare although these could highly contribute to our understanding of the 99 
atmospheric circulation patterns in a hemisphere-wide perspective. In addition to speleothems, 100 
loess, and lacustrine sediment cores from e.g. lakes Van, Urmia, and Ohrid (e.g., Fleitmann et 101 
al., 2009; Vogel et al., 2010; Stevens et al., 2012; Çağatay et al., 2014; Francke et al., 2016; 102 
Stockhecke et al., 2016; Sinopoli et al., 2018), glacial deposits from the Black Sea, bridging the 103 
Atlantic-Eurasian corridor, represent an ideal continental archive for global and regional 104 
palaeoclimate and environmental change. 105 
Compared to Termination I (T I), much less is known about the penultimate glacial-106 
interglacial transition (Termination II (T II); MIS 6/5) due to the lack of suitable sediment cores 107 
from the Black Sea. A ~56% larger Fennoscandian Ice Sheet expanding further east and 108 
southeast during MIS 6, compared to the last glacial (Svendsen et al., 2004; Colleoni et al., 109 
2009; Marks et al., 2018), potentially caused an even stronger impact on major atmospheric 110 




to understand how the Black Sea responded to the changing climate during the penultimate 112 
glacial (MIS 6; Saalian) and T II.  113 
A well-dated δ18O record from Northern Anatolian speleothems documents several 114 
hydrological shifts in the Black Sea region during the last 670 kyrs (Badertscher et al., 2011). 115 
Pronounced negative excursions in this record indicate that high amounts of freshwater entered 116 
the Black Sea in response to melting of the Eurasian Ice Sheet. The most depleted δ18O values 117 
in that discontinuous record were assumed to reflect connections between the Caspian and 118 
Black Seas at least during seven intervals. Thus, apart from the Dnieper, meltwater fed the 119 
Volga River that resulted in lake-level rise of the Caspian Sea and overflow of isotopically 120 
lighter Caspian water into the Black Sea via the Manych Depression (Chepalyga, 2007; Bahr et 121 
al., 2008). The negative excursions in the δ18O records of ostracods from the Black Sea support 122 
a Caspian-Black Sea connection at least during the deglaciations during the last two 123 
terminations (Bahr et al., 2008; Shumilovskikh et al., 2013b; Wegwerth et al., 2014). However, 124 
due to the lack of appropriate sediment cores covering older periods, the other suggested 125 
Caspian connections could not be tested by δ18O signatures on Black Sea ostracods so far. 126 
Because of relatively high sedimentation rates in the highly studied western and 127 
northwestern parts of the Black Sea basin, sediments covering the penultimate glacial are only 128 
found in sub-bottom depths larger than 100 m (Quan et al., 2013), thus ruling out recovery by 129 
conventional coring (e.g. gravity/piston corer). During RV Meteor cruise M72/5 in 2007 well-130 
preserved sediment cores covering the ending penultimate glacial and the Eemian were obtained 131 
from the SE Black Sea because of up to 10 times lower sedimentation rates there (e.g., 132 
Shumilovskikh et al., 2013a, 2013b, Wegwerth et al., 2014). Detailed investigations on these 133 
sediment cores provided new findings about the environmental and climate conditions during 134 
T II (Shumilovskikh et al., 2013a, 2013b, Wegwerth et al., 2014, 2018; Dellwig et al., 2019). 135 
In response to the disintegrating Fennoscandian Ice Sheet, two discrete meltwater pulses 136 




BP (BSWP-II-1) and 131.5–130.5 ka BP (BSWP-II-2) (Shumilovskikh et al., 2013a, 2013b; 138 
Wegwerth et al., 2014). This period of meltwater release coincides with ice-sheet simulations 139 
for the northern hemisphere showing a significant retreat of the ice sheet at 132 ka BP (Menviel 140 
et al., 2018). Higher radiogenic 87Sr/86Srostracods values for the second T II meltwater pulse even 141 
suggest a freshwater surplus from a Himalayan source (Wegwerth et al., 2014), not observed 142 
for the T I meltwater pulse (Major et al., 2006). Warming during T II was gradual without a 143 
Younger Dryas-type cooling, although often postulated at least for the North Atlantic realm 144 
(Sarnthein and Tiedemann, 1990; Lototskaya and Ganssen, 1999). Although essential for the 145 
understanding of the climate mechanisms under different boundary conditions (e.g. insolation, 146 
ice sheet size, sea level), the climate and environmental Black Sea evolution during the 147 
penultimate glacial older than 134 ka BP is still unknown. 148 
During RV Maria S. Merian cruise MSM 33 in 2013, the Archangelsky Ridge in the SE 149 
Black Sea was revisited in order to extend the sedimentary records to MIS 6 and even further 150 
to investigate the climate and environmental conditions in response to the dynamics of the 151 
Saalian Eurasian Ice Sheet (Arz et al., 2014). The new sediment cores extend to at least 184 ka 152 
BP and, thus, allow for the first time the investigation of almost the entire MIS 6. This opens 153 
the opportunity to contribute to the understanding of the environmental conditions in the 154 
Eurasian continental interior since terrestrial records, particularly those far from the ocean, 155 
comprising the MIS 6 are missing (Wainer et al., 2013; Margari et al., 2014). Obrochta et al. 156 
(2014) proposed a substantially differing penultimate glacial when compared with the 157 
preceding and subsequent glacials probably due to different boundary conditions including 158 
insolation and ice sheet expansion. Alike the last glacial, millennial-scale DO-like climate 159 
variability prevailed during MIS 6 at least until 155 ka BP as suggested from North Atlantic 160 
sediment cores (Margari et al., 2014). Cold events during MIS 6 probably lasted longer 161 




resulting in a reduced ocean heat transport associated with a smaller threshold for disruption of 163 
the Atlantic Meridional overturning circulation (Margari et al., 2010). 164 
 165 
2. Climate and environmental setting of the Black Sea region 166 
Today, the climate in the Black Sea region is governed by Mediterranean cyclones, the 167 
continental Siberian High Pressure system as well as the Indian and East African monsoons 168 
causing dry/warm summers and wet/cold winters (e.g., Wigley and Farmer, 1982; Cullen and 169 
deMenocal, 2000; Lamy et al., 2006; Göktürk et al., 2011). Therefore, Black Sea sediments 170 
represent appropriate recorders of changes in the interaction of the ocean-atmosphere-land 171 
system over Eurasia. The most rain-laden regions during summer are northeastern Anatolia and 172 
the eastern Black Sea due to orographic precipitation in the Pontic and Caucasian Mountains 173 
(Staneva and Stanev, 1998; Türkes et al., 2009; Deniz et al., 2011). An additional moisture 174 
source for rainfall forms the Black Sea itself (Fleitmann et al., 2009; Badertscher et al., 2011; 175 
Göktürk et al., 2011). 176 
The main rivers entering the Black Sea are Danube, Dniester, Dnieper, and Don in the 177 
northwest and Yesilirmak, Kizilirmak, and Sakarya in the south (Fig. 1), with the river Danube 178 
contributing about 50%-70% of the total freshwater input (Özsoy and Ünlüata, 1997; Nezlin, 179 
2006). Today, the Black Sea receives high salinity water (35.5‰) from the Mediterranean Sea 180 
via the Dardanelles and Bosporus straits. The Black Sea salinity ranges from about 18‰ in 181 
surface water to 22.4‰ in the bottom waters (Özsoy and Ünlüata, 1997). A permanent 182 
pycnocline in about 100-150m water depth prevents vertical exchange of water masses and 183 
deep-water ventilation. A pelagic redoxcline in this depth interval separates oxic surface water 184 
from sulphidic water favouring sapropel formation (Murray, 1900; Repeta et al., 1989; Özsoy 185 
and Ünlüata, 1997; Murray et al., 2007; Dellwig et al., 2010). With a maximum depth of about 186 
2200m, the Black Sea represents the largest brackish and sulphidic water body on Earth 187 




3. Material and methods 189 
This study is based on the analysis of three sediment cores recovered from the 190 
Archangelsky Ridge in the SE Black Sea during RV Maria S. Merian cruise MSM33 in 2013 191 
(Fig. 1). The gravity cores (MSM33/60-1GC, MSM33/57-1GC, and MSM33/56-1GC) were 192 
retrieved from water depths between 374 m and 499 m and are mainly composed of glacial 193 
clays. Apart from the Holocene sapropel at the top of the cores, core MSM33/60-1GC 194 
additionally includes the Eemian sapropel between the limnic sediments from the Weichselian 195 
and Saalian glacials. In this study, we focus on sediments older than the Eemian and combine 196 
the three cores for a composite record covering Marine isotope Stage 6 of the penultimate 197 
glacial. In addition to ostracod and inorganic sediment geochemistry, three distinct tephra 198 
marker horizons from MSM33/60-1GC and three additional tephra samples from parallel cores 199 
MSM33/61-1GC and M72/5/22GC-8 were analysed with regards to their geochemical 200 
composition for independent chronostratigraphic control. Generally, the analyses were carried 201 
out on a 1 cm resolution. Unless noted otherwise, analyses were made at the Leibniz Institute 202 
for Baltic Sea Research Warnemünde, Rostock, Germany.  203 
 204 
3.1 Electron probe microanalyses (EPMA) of tephra layers 205 
For the element composition of macroscopically visible tephra layers, glass shards were 206 
identified, hand-picked under a transmitted microscope, and resin-embedded into single-hole 207 
stubs from the dried and wet-sieved sediment fraction 63-150 µm in cores MSM33/60-1GC, 208 
MSM33/61-1 GC and M72/5/22GC-8. The major element composition of single glass shards 209 
was analysed at the German Research Centre for Geosciences GFZ in Potsdam, Germany, using 210 
a JEOL JXA-8230 (WDS) microprobe with five spectrometers. Analytical setups used 15 kV 211 
accelerating voltage, 10 nA beam current, and a 5-10 µm beam. Count times per element were 212 
20 seconds for Fe, Mn, Ti, Mg, P and Cl, and 10 seconds for Si, Al, K, Ca, F and Na measured 213 




StHs6/80 and GOR-132; Jochum et al., 2006) and the natural Lipari obsidian (Hunt and Hill, 215 
1996; Kuehn et al., 2011) were measured for instrumental calibration and data quality 216 
verification. All tephra sample data were normalized to 100 wt% on a volatile-free basis and 217 
plotted in bivariate elemental diagrams for interpretation. The raw EPMA dataset can be found 218 
in the supplementary material.  219 
 220 
3.2 Ostracod geochemistry and IRDC 221 
For geochemical analyses of the ostracods, well-preserved valves of adult specimens of 222 
Candona spp. and Bacuniella dorsoarcuata (Zalanyi, 1929 in Boomer, 2012) were hand-picked 223 
from the wet-sieved and dried sediment fraction >150 µm. 224 
For Mg/Ca and Sr/Ca ratios of the carbonate shells, the valves were cleaned with a thin 225 
brush and deionised water. After dissolution of up to five valves in 2 vol% HNO3 (sub-boiled), 226 
the ostracod´s element/Ca ratios were determined by quadrupol ICP-MS (iCAP Q; Thermo 227 
Fisher Scientific) in KED mode using He as collision gas. For compensation of matrix effects 228 
and instrument fluctuations, Be and Rh were added to each solution as internal standards. Al 229 
was measured for monitoring potential detrital contamination. Analyses of total digestion of the 230 
international reference material ECRM 752-1 (BCS-CRM No 393; n=87) assured a precision 231 
and trueness of <0.9% and < 3.3% for Mg, <1.5% and <0.6% for Sr, and <1.1% and -1.9% for 232 
Ca, respectively. 233 
For the oxygen isotopic composition of the ostracods, the pre-cleaned valves (20-80 µg) 234 
were measured with a Finnigan MAT 253 isotope ratio mass spectrometer coupled with an 235 
automated KIEL IV carbonate preparation device (103% H3PO4 at 70°C) at the GFZ Potsdam, 236 
Germany. Oxygen isotope values are given in delta notation relative to VPDB (Vienna Peedee 237 
Belemnite). Repeated measurements of the international reference material NBS 19 and a 238 
laboratory internal standard (C1) assured an analytical precision better than ±0.07‰ for 239 




spp., Bacuniella dorsoarcuata was analysed for δ18O in these samples. To correct for potential 241 
species-dependent offsets, nine samples containing both species were analysed for δ18Oostracods. 242 
The positive correlation (R2 = 0.99; y = 0.45318 + 0.93333x) between δ18OCandona and 243 
δ18OBacuniella was used to correct δ
18OBacuniella relative to δ
18OCandona by an offset of +0.45‰.  244 
For the analyses of the strontium isotopic composition, 10-15 ostracod valves were 245 
cleaned with a few drops of H2O2 (5%), methanol, and deionised water (Janz and Vennemann, 246 
2005; Major et al., 2006; Vasiliev et al., 2010). After dissolution of the valves in 300μL 2 vol% 247 
HNO3, the samples were dried on a hot plate at 80°C. Strontium was separated from the sample 248 
matrix by using the HNO3–H2O technique in microcolumns filled with Eichrom© Sr-spec resin. 249 
Dried Sr separates were re-dissolved in 0.3 N HNO3. In static mode, fully automated isotope 250 
ratio measurements were performed with a MC-ICP-MS (Neptune Plus, Thermo) at the 251 
University of Tübingen, Germany. Instrumental mass bias was corrected using an 88Sr/86Sr ratio 252 
of 8.375209 and exponential law. External reproducibility for NBS SRM 987 (n =30) was 253 
0.710261 ± 0.000019 (2 s.d.) for the 87Sr/86Sr ratio and the total procedural blank was <306 pg 254 
for Sr. 255 
The amount of coastal ice-rafted detritus (IRDC) was determined by counting the detrital 256 
grains from 8.8 cm3 subsamples of the dried and wet-sieved sediment fraction >150 µm under 257 
a binocular microscope (Nowaczyk et al., 2012). 258 
  259 
3.3 Sediment geochemistry 260 
Except for X-ray fluorescence (XRF) core scanning, all other geochemical analyses were 261 
carried out on freeze-dried and homogenised sediment sample aliquots. 262 
 263 
3.3.1 Bulk parameter 264 
The amount of total carbon (TC) was measured after combustion by an elemental analyser 265 




situ decalcified samples. Between 0.5 and 5 mg of bulk sample material was treated with 20% 267 
HCl in Ag-capsules, dried at 75°C, finally wrapped and measured by an elemental analyser 268 
Carlo-Erba NC2500 at GFZ Potsdam, Germany. The calibration was performed using elemental 269 
standard (Urea) and proofed with a soil reference sample (Boden3, HEKATECH) with a 270 
reproducibility for replicate analyses of 0.2%. Total inorganic carbon (TIC) was calculated by 271 
the difference between TC and TOC. 272 
 273 
3.3.2. Inorganic sediment geochemistry 274 
High-resolution core scanning (1 mm) of Ca, K, and Ti element intensities was carried 275 
out by X-ray fluorescence (XRF). The split halves of the gravity cores were measured by an 276 
ITRAX XRF Core Scanner (COX) equipped with a Cr-tube that was operated with 30 kV and 277 
30 mA with a counting time of 15 seconds per step. 278 
For the determination of Ca and Sr contents, discrete sediment samples were digested 279 
using a mixture of HNO3, HClO4, and HF in closed PDS-6 Teflon autoclaves at 180 °C 280 
(Heinrichs et al., 1986; Schnetger, 1997). The total acid digestions were fumed off three times 281 
with 6M HCl after evaporation on a hot plate at 180°C. Re-dissolved in 25 ml 2vol% HNO3, 282 
the samples were measured by ICP-OES (iCAP 6300Duo, Thermo Fisher Scientific). Precision 283 
and accuracy of ICP-OES (<2.7% and <-3.3%) were determined by the international reference 284 
material SGR-1 (USGS). 285 
 286 
4. Results 287 
4.1 Age-depth model 288 
Core MSM33/60-1GC comprises both the Holocene and the Eemian sapropels, which 289 
strongly contrast the glacial clayey intervals and thus assisted for a first stratigraphic 290 
assignment. As determined during earlier Black Sea studies focusing on the last 5,000 years of 291 




et al., 2014, 2018; Dellwig et al., 2019), increasing carbonate contents just before the onset of 293 
the Eemian sapropel at around 250-280 cm sediment depth (here presented by Ca/TiXRF ratios) 294 
clearly reflect the prominent Termination II warming (Fig. 2). From 668 cm down-core, we 295 
observed the same Ca/TiXRF pattern in cores MSM33/60-1GC, MSM33/57-1GC, and 296 
MSM33/56-1GC with the latter both extending much deeper than MSM33/60-1GC. Therefore, 297 
we combined the three gravity cores in order to construct a composite record covering a 298 
continuous and uninterrupted sequence over nearly the entire MIS 6 (130-184 ka BP). For inter-299 
correlation of the cores, we used the high-resolution Ca/Ti ratios from XRF core scanning. Core 300 
MSM33/60-1GC comprises the youngest and largest part of MIS 6 including the transition 301 
(Termination II) to the last interglacial (Eemian, MIS 5e). Cores MSM33/57-1GC and 302 
MSM33/56-1GC extend the record down-core and their core depths were corrected/aligned 303 
relative to MSM33/60-1GC, which resulted in a total composite record length of 593 cm (207-304 
800 cm composite depth; Fig. 2). Core MSM33/60-1GC contains three visible tephra layers, all 305 
of ca. 0.5 cm thickness, with the lowermost also identified in cores MSM33/57-1GC and 306 
MSM33/56-1GC (Figs. 2, 3). 307 
Age tie points were derived from fine-tuning with other absolutely dated records using 308 
different geochemical parameters. For the youngest part of our record, i.e. Termination II and 309 
the Eemian (124-134 ka BP), we use the characteristic maxima and minima of sedimentary 310 
Sr/Ca, Ca, and δ18Oostracods presented during earlier studies with an already existing age model 311 
of core M72/5/22GC-8 (Fig. 4; Shumilovskikh et al., 2013a; Wegwerth et al., 2014). The 312 
probably most promising tool for age model construction of glacial Black Sea sediments is 313 
δ18Oostracods because it can be directly tuned to δ
18O records of the 230Th/234U dated speleothems 314 
from Northern Anatolian Sofular Cave covering large parts of the last 670 kyrs (here the 315 
individual speleothems So-4, So-6-3) (Fleitmann et al., 2009; Badertscher et al, 2011; 316 
Shumilovskikh et al., 2013a; Wegwerth et al., 2014). The speleothem record principally reflects 317 




effect (Badertscher et al., 2011). The strong similarity between δ18Oostracods and δ
18OSofular Cave 319 
during MIS 6 was therefore used for determination of 11 additional time markers between 160 320 
and 184 ka BP (Fig. 4). The δ18Oostracod record from lowermost 65 cm probably covering parts 321 
of MIS 7 could not be stratigraphically assigned because it fails to mirror the characteristic three 322 
maxima seen in the δ18OSofular Cave record (Badertscher et al., 2011). 323 
Thanks to another well-dated speleothem flowstone record from Hungary (Abaliget Cave, 324 
ABA 1 and ABA 2; Koltai et al., 2017) showing similarity to our δ18Oostracod pattern, we could 325 
define further nine age markers between 131 ka BP and 160 ka BP, where the Sofular record 326 
has no data (Fig. 4). When compared to the Sofular speleothems, the δ18O pattern from Abaliget 327 
speleothems shows a higher amplitude at least during the few time intervals they overlap 328 
(Badertscher et al., 2011; Koltai et al., 2017). A recent study explains this difference by the 329 
more continental position of the Abaliget Cave, where speleothems seem to archive rather the 330 
temperature variations and changes in moisture transport trajectories, whereas cave deposits 331 
from southern Europe (like Sofular Cave) seem to reflect mainly variations in the precipitation 332 
amount (Kern et al., 2018). Indeed, the Abaliget Cave record shows stronger variations between 333 
145 and 135 ka BP than the δ18Oostracods record, although the general long-term trend is clearly 334 
visible and suitable for age model construction.   335 
Independent time control is given by the eruption ages of two of the three macroscopic 336 
visible tephra layers in core MSM33/60-1GC. The uppermost tephra at 305 cm occurs close to 337 
the onset of the Eemian sapropel, and was described already in a previously investigated core 338 
M72/5/22GC-8 (Wegwerth et al., 2014). According to the age model presented in Wegwerth et 339 
al. (2014), the age of this ash layer is 130.9 ± 0.7 ka BP, which has been adapted here for the 340 
present age model. Because of its chronostratigraphic position a correlation of this tephra with 341 
the widespread P-11 Pantelleria eruption (~129-133 ka; Paterne et al., 2008; Rotolo et al. 2013; 342 
Satow et al., 2015) has been suggested but not geochemically confirmed (Wegwerth et al., 343 




MSM33/60-1GC, MSM33/61-1GC and M72/5/22GC-8, and the two underlying tephra layers 345 
from MSM33/60-1GC at 597 cm (and an equivalent sample from parallel core MSM33/61-346 
1GC) and 678 cm depth (Fig. 3, Supplement file 2). 347 
Accordingly, the uppermost, above-mentioned tephra has been identified as a mixed 348 
tephra layer that is located in all three cores at the MIS 6/5 transition. Respective samples 349 
MSM33/60-1GC–305 cm, MSM33/61-1GC–430 cm and M72/5/22GC-8–856 cm contain up 350 
to five distinct tephra glass populations (POP1 to POP5) that range from trachytic to high-silica 351 
rhyolitic compositions (Fig. 3). Glass chemical comparisons with well-known regional late MIS 352 
6 tephra marker excluded a correlation with the P-11 tephra from Pantelleria and also did not 353 
reveal a clear match with any other prominent Mediterranean tephra marker from this time 354 
period. The latter comprise, for example, the phonolitic W-1 tephra from the Roman Volcanic 355 
Province (~138 ka; Bourne et al., 2015) and other MIS 5/6 tephras of Italian provenance that 356 
are recorded in key archives in Italy (Wulf et al., 2012) and in the Balkans (Leicher et al., 2016) 357 
(Fig. 3). However, some tentative assignments to volcanic provinces are possible, i.e. trachytic 358 
glass populations POP1 and POP2 likely derive from unknown eruptions from the Roman 359 
Volcanic Province and POP5 from a Campanian eruption in Italy. Rhyolitic glass populations 360 
POP3 and POP4 both possibly originated from Eastern Anatolian volcanoes (Schmincke and 361 
Sumita, 2014), with the higher silicic POP4 glass component likely deriving from the Nemrut 362 
Dagi volcanic system (Fig. 3). 363 
The middle tephra occurs in core MSM33/60-1GC at 597 cm depth and in MSM33/61-364 
1GC at 571 cm depth and matches the high-silica rhyolitic glass composition of the Kos Plateau 365 
Tuff (KPT) (Fig. 3), which is 40Ar/39Ar dated on land at 161 ± 2 ka (Smith et al., 1996; 366 
Bachmann et al., 2010). The radioisotopic age of the KPT agrees well with the modelled age of 367 
the speleothem tuned MSM33/60-1GC chronology at 159 ± 1.8 ka BP (Fig. 4).  368 
The oldest tephra occurs in core MSM33/60-1GC at 678 cm depth and has a high-silica 369 




composition and chronostratigraphy it correlates best with the Upper Acigöl Tuff (UAT) from 371 
Central Anatolia  (Fig. 3). The UAT is (U-Th)/He zircon dated on land at 163 ± 7 ka (Schmitt 372 
et al., 2011), which is in good agreement with the age of 167 ± 1 ka BP obtained by the tuned 373 
MSM33/60-1GC chronology (Fig. 4).  374 
According to the age model, the 1 cm sample resolution of the composite core averages 375 
~124 years. Mean squared estimates (MSEi) of age uncertainty were determined after Grant et 376 
al. (2012) by considering four sensitive variables (radiometric dating error of speleothems, 377 
sample spacing in the δ18Ospeleothem record, sample spacing in the δ
18Oostracods record, and extra 378 
uncertainty allowance for more ambiguous tie-points). The MSEi range between ± 0.7 ka and 379 
±1.8 ka (Fig. 4).  380 
Overall, our new composite core extends to at least 184 ka BP, which allows to investigate 381 
the climate and environmental conditions in the Black Sea “Lake” during almost the entire MIS 382 
6, a period that experienced “one of the largest glaciations during the Late Quaternary” (Margari 383 
et al., 2014; Colleoni et al., 2016; Hughes and Gibbard, 2018). 384 
 385 
4.2. Ostracod geochemistry and isotopic composition 386 
The predominant ostracod species identified in the composite core are Candona spp. and 387 
Bacuniella dorsoarcuata (Zalanyi, 1929 in Boomer, 2012). Three additional species, 388 
Amnicythere spp., Loxoconcha sp., and Euxinocythere sp., occur only sporadically and in minor 389 
abundance (A. Stepanova; pers. comm.). Candona spp. is widely distributed in Black Sea 390 
“Lake” sediments from the last and the penultimate glacial (e.g., Bahr et al., 2008; Boomer et 391 
al., 2010; Wegwerth et al., 2014, 2016). Bacuniella dorsoarcuata occurs first only sporadically 392 
but then in higher abundance and is most dominant (i.e. exceeding the abundance of Candona 393 
spp.) between 168.5 ka BP and 180 ka BP. This species may have its origin in the Caspian Sea 394 




BP, ostracods disappear due oxygen depletion within the course of the Mediterranean-Black 396 
Sea reconnection and Eemian sapropel formation (Wegwerth et al., 2014, 2018). 397 
The ostracod δ18O values range between +1.5 ‰ and -12.2 ‰ (Fig. 5A) and the record 398 
shows three distinct intervals with pronounced negative excursion becoming less negative from 399 
the oldest towards the youngest interval, namely at 180-167 ka BP (min. -12.2 ‰), 160-145 ka 400 
BP (min. -10.8 ‰), and 133-130 ka BP (min. -8.3 ‰). The δ18Oostracods reach higher values 401 
between 160 and 167 ka BP (max. -1.9 ‰) and around 145 ka BP (max. -4.0 ‰) and are 402 
relatively comparable with the level during T II (max. -1.2 ‰).  403 
For the element/Ca ratios of the ostracods, we also calculated a 3-point moving average 404 
to reduce noise and prevent overvaluation of single data points. In contrast to the δ18Oostracods, 405 
the element/Ca ratios fluctuate much stronger and reveal a remarkable short-term variability. 406 
The Mg/Caostracods values range between 1.3 and 9.3 mmol mol
-1 (Fig. 5B). In addition to T II, 407 
Mg/Caostracods values also increase during the first half of MIS 6 at around 177 ka BP, 173 ka 408 
BP, and 160 ka BP. The penultimate glacial average of Mg/Caostracods of about 2 mmol mol
-1 is 409 
comparable with values measured for the last glacial period within MIS 2 (Bahr et al., 2008). 410 
The Mg/Caostracods amplitude of 2 mmol mol
-1 during MIS 6 is nearly the same as during MIS 3 411 
(Wegwerth et al., 2015). 412 
The Sr/Caostracods ranges between 0.6 and 2.4 mmol mol
-1 and shows a more stable pattern 413 
when compared to Mg/Caostracods (Fig. 5C). The strong increase of Sr/Caostracods from 0.9 to 2.4 414 
mmol mol-1 during T II is again associated with the Mediterranean-Black Sea reconnection 415 
(Wegwerth et al., 2014). Furthermore, there are distinct long intervals during MIS 6 showing 416 
higher values of up to 1.5 mmol mol-1 around 183, 165, 161, 149, 135 and 130 ka BP. During 417 
these periods, Sr/Caostracods increases sharply and decreases gradually back to the average value 418 
(except for T II). The long-term trend of the Sr/Caostracods record mimics the δ
18Oostracods pattern 419 




Sr/Caostracods amplitude during MIS 6 of 1.2 mmol mol
-1 is much higher than the 0.4 mmol mol-421 
1 during MIS 3 (Wegwerth et al., 2016).  422 
The 87Sr/86Srostracods values range between 0.708612 and 0.709405 (average 0.708951; 423 
n=33; Fig. 5D) and strongly exceed the last glacial maximum level of 0.7091 (Major et al., 424 
2006) during 153-147 ka BP and 133-130 ka BP with the latter also observed during a previous 425 
study by Wegwerth et al. (2014). Despite the low sampling resolution it becomes obvious that 426 
87Sr/86Srostracods exceeds the last glacial maximum level not only during T II but also in general 427 
since 160 ka BP. In contrast, during the first half of MIS 6 (184 - 160 ka BP), 87Sr/86Srostracods 428 
are generally on a lower level and even fall below values determined for the last glacial. 429 
Apart from ostracods, the wet-sieved fraction >150 µm contains coastal ice-rafted detritus 430 
(IRDC), whose abundance relates to coastal ice formation and winter strength (Nowaczyk et al., 431 
2012; Wegwerth et al., 2015). The content of IRDC ranges between 0 and 350 grains per cm
3 432 
(Fig. 5E). IRDC shows a distinct millennial-scale variability throughout the record. Very high 433 
abundances are counted during 183-179 ka BP and longer periods of very low or even absent 434 
IRDC are seen during 179-174 ka BP and during 130-124 ka BP. 435 
 436 
4.3. Sediment geochemistry 437 
The content of total inorganic carbon (TIC) remains on a comparatively low level of 1.5% 438 
during almost the entire MIS 6 (Fig. 5F). There are only few short periods with increasing 439 
carbonate where TIC contents up to 2.5% at 184 ka BP, 2.9% at 167 ka BP, and about 4% 440 
during T II are observed. During the Eemian, TIC reaches up to 8.9%. The background level of 441 
1-1.5% TIC during large parts of the record represents most likely detrital carbonate, similar as 442 
determined for glacial and stadial periods (ave. 1.6% TIC) during earlier studies e.g. via 443 
microscopy in the Black Sea (Bahr et al., 2008; Shumilovskikh et al., 2012; Wegwerth et al., 444 
2014, 2015). The TIC content above the detrital background level during the aforementioned 445 




Sea (3-4.5%) and most likely reflects increased authigenic carbonate precipitation due to 447 
phytoplankton productivity, which is supported by increased Ca/TiXRF values during the same 448 
periods (Fig.2). Although the TIC variability during MIS 6 remains low, a trend to generally 449 
higher TIC is evident for the second half of MIS 6. Thus excluding the aforementioned periods 450 
with slightly higher TIC, the average TIC during the first part of MIS 6 (170-180 ka BP) is 1%, 451 
while it is 1.6% during the second part (132-160 ka BP). 452 
With an average value of 0.3%, total organic carbon (TOC) is very low during MIS 6 453 
(Fig. 5G). Unlike TIC, TOC is higher during the first half of MIS 6 revealing a maximum value 454 
of 0.46%. Interestingly, the pattern of TOC during 179-169 ka BP strongly equals the 455 
morphology of a typical interstadial during MIS 3 (Wegwerth et al., 2016), with abruptly 456 
increasing and gradually decreasing TOC. In contrast to MIS 3, however, this period lasted 457 
much longer (10 ka) than the MIS 3 interstadials (< 3 ka). TOC also shows slightly higher 458 
values around 184 ka BP (0.35%) and around 167 ka BP (max. 0.38%). During the second half 459 
of MIS 6, TOC reaches not more than 0.31% but shows abruptly increasing values to about 460 
10% at the onset of the Eemian (Wegwerth et al., 2018). 461 
The K/TiXRF shows a maximum during 169-147 ka BP and 138-130 ka BP, and at 128 ka 462 
BP, and at 125 ka BP (Fig. 5H). During the first part of MIS 6, K/TiXRF ratios are generally on 463 
a lower level when compared to the second part. To a certain degree, it seems that K/TiXRF 464 
follows the pattern of 87Sr/86Srostracods, although both are presented in a different sampling 465 
resolution. 466 
 467 
5. Discussion 468 
The δ18Oostracod record from the SE Black Sea documents pronounced hydrological 469 
changes within the course of substantial climate variations during MIS 6. The variations in the 470 
δ18O incorporated from the surrounding water into the carbonate shells is the result from 471 




water itself. The latter is influenced by a) the changes of the oxygen isotopic composition of 473 
direct precipitation in turn depending on its condensation temperature, b) the oxygen isotopic 474 
composition of rivers entering the Black Sea “Lake” depending in turn on the composition of 475 
rainfall or of other freshwater sources like meltwater, and c) lake surface evaporation (e.g. van 476 
Grafenstein et al., 1999; Bahr et al., 2006; van Hardenbroek et al., 2018). Mediterranean water 477 
as an additional source for changing δ18Oostracod can be excluded because the sea level was below 478 
the Bosporus sill depth (-35 m) during the entire MIS 6 (Fig. 6B; Grant et al., 2012), preventing 479 
the inflow of saltier Mediterranean Sea water. 480 
Three distinct periods with considerably depleted values are clearly visible in the present 481 
δ18Oostracod record (Fig. 5A; 180-167 ka BP, 160-145 ka BP, and 133-130 ka BP). Considering 482 
a maximum amplitude of 13.7‰ in the δ18Oostracod record, temperature changes as the main 483 
trigger for variations in δ18Oostracod are not compatible with a decrease of about ~0.25‰ in δ
18O 484 
per rise of about ~1°C (e.g., McCrea, 1950; Epstein et al., 1953). Since δ18Oostracod values 485 
generally increase during humid periods in the course of Terminations I and II, direct rainfall 486 
over the Black Sea as a source for the enormous negative oxygen isotope excursion can be 487 
excluded as well. Therefore, the variations in the δ18Oostracod record most likely reflect changes 488 
in isotopic signature, amounts, and sources of river discharge into the Black Sea “Lake”.  489 
As already demonstrated by earlier studies, negative excursions of δ18Oostracod in Black 490 
Sea “Lake” sediments suggest high contribution of isotopically light meltwater originating from 491 
the disintegrating Fennoscandian Ice Sheet (Major et al., 2006; Bahr et al., 2008; Wegwerth et 492 
al., 2014). Considering the last glacial, when δ18Oostracod values were not lower than -6.8‰ (Bahr 493 
et al., 2006), the depletions during the three periods of MIS 6 with minimum values ranging 494 
between -8.3‰ and -12.2‰, imply either a significantly higher amount of isotopically depleted 495 
water and/or a contribution of water that was isotopically more depleted than during the last 496 
glacial. The negative excursion during Termination II resulted most likely from a Black Sea 497 




(133.5–132.5 ka BP) and BSWP-II-2 (131.5–130.5 ka BP; Shumilovskikh et al., 2013a; 499 
Wegwerth et al., 2014). During this period, δ18Oostracod varied in concert with δ
18OSofular Cave due 500 
to the water vapour source effect identifying the Black Sea as the main source for the Sofular 501 
Cave speleothem growth (Lachniet, 2009; Badertscher et al., 2011; Wegwerth et al., 2014). 502 
Such similarity between the δ18Oostracod and δ
18OSofular Cave records is also evident during the first 503 
half of MIS 6 (180-167 ka BP), which corroborates a long-term and even stronger period of 504 
meltwater discharge owing to the considerably larger Eurasian ice volume (Svendsen et al., 505 
2004; Colleoni et al., 2009; Badertscher et al., 2011; Marks et al., 2018). A similar scenario 506 
with strong meltwater supply is also conceivable for the second period of oxygen isotope 507 
depletion in the Black Sea “Lake” (160-145 ka BP), where the record of Sofular Cave bears a 508 
gap (Badertscher et al., 2011). In particular, this second period falls within the time window of 509 
the well-known massive ‘Fleuve Manche’ (Channel River) palaeoriver discharge from the 510 
Fennoscandian Ice Sheet into the Bay of Biscay that occurred between 160 ka BP and 150 ka 511 
BP (Toucanne et al., 2009; Boswell et al., 2019) and is possibly recorded in the Black Sea 512 
“Lake” sediments as well. The identification of this meltwater period in the Black Sea would 513 
imply that the meltwater discharge occurred not only by one mega-river system as assumed so 514 
far (e.g., Penaud et al., 2009), but was accompanied by a notable eastern European drainage 515 
component. 516 
We hypothesise that variations in the volume and extent of the Eurasian Ice Sheet along 517 
with associated changing atmospheric circulation patterns affected the hydrological conditions 518 
in the glacial Black Sea “Lake” to a vast extent. In the following, we will concentrate on the 519 
hydrological conditions during the individual periods in more detail for identification of 520 
potential meltwater pulses and pathways. According to the nomenclature by Soulet et al. (2013), 521 
we will refer to the three Black Sea water pulse periods as BSWP with the first two during MIS 522 
6, BSWP-6-1 and BSWP-6-2, and those that occurred during Termination II, BSWP-II-1 and 523 




larger Drenthe ice advance (175-160 ka BP) and BSWP-6-2 prior to the smaller Warthe ice 525 
advance (150-140 ka BP) (Ehlers et al., 2011). 526 
 527 
5.1 BSWP-6-1, 180-167 ka BP (MIS 6e-d) 528 
The transition from the warmer MIS 7 to the colder MIS 6 at 191 ka BP involved a 529 
decreasing global sea level (Lisiecki and Raymo, 2005) that most likely caused a separation of 530 
the Black Sea from the Marmara/Mediterranean Seas at ca. 189 ka BP (Badertscher et al., 2011). 531 
There is no evidence for remnant saline-brackish and oxygen-deficient bottom water conditions 532 
at 184 ka BP, typically characterising at least the last two interglacials in the Black Sea 533 
associated with a connection to the Mediterranean Sea (e.g., Wegwerth et al., 2018; Dellwig et 534 
al., 2019). This suggests that desalinisation/freshening and oxygenation of the potentially 535 
former oxygen-deficient and saline-brackish Black Sea water column occurred within less than 536 
5,000 years. Otherwise, a stronger outflow regime during that time could have subdued the 537 
inflow of salty Mediterranean water via the Bosporus strait. Between ca. 193 ka BP and 183 ka 538 
BP, the northern hemispheric summer insolation decreased (Berger and Loutre, 1991), the 539 
Eurasian Ice Sheet volume increased (Bintanja and van de Wal., 2008), and temperatures in the 540 
North Atlantic/western Mediterranean Sea decreased to a level comparable to the transition 541 
from MIS 5 to MIS 4 (Martrat et al., 2004, 2007). 542 
During the period from the onset of our Black Sea “Lake” record at 184 ka BP to 173 ka 543 
BP, northern hemisphere summer insolation increased and the Eurasian Ice Sheet volume 544 
decreased accordingly (Fig. 6A, C; Berger and Loutre, 1991; Bintanja and van de Wal., 2008). 545 
A northward shift of the atmospheric polar front and the ITCZ likely caused higher rainfall due 546 
to stronger Mediterranean cyclones in the mid-latitudes (e.g., Ayalon et al., 2002; Bard et al., 547 
2002; Penaud et al., 2009; Regattieri et al., 2014). Interstadial-like warming phases during MIS 548 
6 are inferred from a δ18O record of a synthetic Greenland ice core (Fig. 6D; Barker et al., 2011) 549 




Atlantic/Mediterranean region (Fig. 6E; Martrat et al., 2004, 2007). Temporary milder 551 
conditions in the Black Sea region during the onset of MIS 6, as determined by elevated 552 
Mg/Caostracod values (Fig. 6F), suggest stadial to interstadial temperature variations for the 553 
deeper Eurasian continent as well. There are two short-term periods at around 177 ka BP and 554 
173 ka BP, when Mg/Caostracods increases of about 1.5 to 2 mmol mol
-1 (Fig. 6F). According to 555 
Bahr et al. (2008), such an increase in Mg/Caostracods would correspond to a mean annual 556 
temperature rise of about 1.5 to 4°C in bottom waters. Similar temperature changes were 557 
determined from a Black Sea “Lake” Mg/Caostracods record comprising DO cycles during MIS 3 558 
(Wegwerth et al., 2015). During the same time, the abrupt disappearance of IRDC (Fig. 5E) 559 
indicates milder winter conditions without coastal ice formation, thus suggesting, in addition to 560 
the higher Mg/Caostracods ratios, a generally warmer climate. Although not as high as during MIS 561 
3 interstadials (Wegwerth et al., 2015, 2016), slightly increasing TOC and TIC contents may 562 
indicate a response of higher productivity and autochthonous carbonate formation to warming 563 
(Fig. 5F, G). 564 
The retreat of the Eurasian Ice Sheet between 183 ka BP and 173 ka BP (Bintanja and 565 
van de Wal, 2008) likely caused, apart from a rising global sea level of about 20 m (Grant et 566 
al., 2012), meltwater discharge from the Eurasian Ice Sheet towards the Caspian and Black Seas 567 
(Fig. 6B, C; Badertscher et al., 2011). The period from 180-167 ka BP in the studied sediments 568 
bears the most negative δ18Oostracod excursion during MIS 6 pointing to an extensive meltwater 569 
release into the Black Sea “Lake” (Fig. 6H). Since this period spans about 13 kyrs, we suggest 570 
a continuous and long-lasting discharge of meltwater. The input of meltwater caused a decline 571 
of about 8‰ in the δ18Oostracod record, which corresponds to a decline of about 7‰ in the 572 
δ18OSofular Cave record (Fig. 6G, H). Although the Sofular speleothem record is not complete for 573 
the entire Pleistocene, it seems that this meltwater phase was one of the strongest during the 574 
last 670 ka BP since the δ18OSofular Cave record reveals the most negative excursion at the same 575 




negative excursion in both δ18O records, considerable amounts of meltwater input probably 577 
resulted in a lake-level rise. A presumably higher lake level during the meltwater period likely 578 
generated new shallow water depositional space and increased the distance of the core location 579 
relative to its terrestrial sources (i.e. Anatolia), both factors explaining the reduced 580 
sedimentation rates (Fig.4). Whether such a potential lake level rise was even associated with 581 
an overspill through the Bosporus strait into the Marmara and Mediterranean Seas remains 582 
elusive. Although resulting  from humid conditions instead of meltwater input, lake-level rise 583 
associated with Black Sea “Lake” spill-out was supposed for the last glacial during periods of 584 
MIS 3 (Çağatay et al., 2009; Aloisi et al., 2015; Çağatay et al., 2015; Wegwerth et al., 2016). 585 
A lake-level rise of at least 100 m is suggested for the Termination I meltwater pulse, which 586 
was associated with a decline of only 1‰ in the Black Sea δ18O (Bahr et al., 2006; Soulet et al., 587 
2013). Given the much stronger negative excursion in the δ18O ostracod records with a decline 588 
of about 8‰ and the longer time span during BSWP-6-1, we expect that a much larger volume 589 
of meltwater entered the Black Sea “Lake” resulting in a considerable lake-level rise and 590 
potentially in a spill-out into the Mediterranean Sea. 591 
Owing to a residual salinity of about 7 to 12 ‰ during the last two glacials in the Black 592 
Sea “Lake” (Shumilovskikh et al., 2013a), that derives from preceding connections to 593 
Mediterranean Sea, it is possible to detect changes in salinity caused by freshening 594 
(rainfall/riverine discharge, meltwater) or evaporation in the lacustrine sediments. A promising 595 
proxy for estimation of changes in salinity is the Sr/Caostracods ratio because the uptake of Sr into 596 
the ostracod´s carbonate shell is related to salinity and the Sr concentration in the host water, 597 
respectively (Chivas et al., 1986; Engstrom and Nelson, 1991; Wansard et al., 1998). 598 
Sr/Caostracods show lowest values between 179 and 166 ka BP corresponding to BSWP-6-1 and 599 
confirming an elevated freshwater input (Fig. 5C). The average Sr/Caostracods ratio of 0.9 mmol 600 
mol-1 during that period is comparable with Sr/Caostracods values during meltwater pulses during 601 




salinities. That would imply that similar amounts of meltwater entered the Black Sea “Lake” 603 
during the terminations and BSWP-6-1 contrasting to the suggestion of a much larger volume 604 
of meltwater during BSWP-6-1 as emerged from the δ18Oostracods signature. Considering, 605 
however, the strongest retreat of the Eurasian Ice Sheet volume during MIS 6 that coincides 606 
with BSWP-6-1 (Fig. 6C; Bintanja and van de Wal, 2008), we maintain the suggestion of larger 607 
meltwater amounts during BSWP-6-1 and possibly less sensitivity of ostracod shells to slight 608 
variations in Sr/Cawater. 609 
According to Badertscher et al. (2011), the meltwater during the early MIS 6 (166.8 ka 610 
BP- 182.2 ka BP) ultimately originated from the Caspian Sea and entered the Black Sea “Lake” 611 
via the Manych Depression (Fig. 1). The Caspian Sea, in turn, was fed by river Volga due to 612 
the melting of the Fennsoscandian Ice Sheet that was ca. 56% larger and extended considerably 613 
wider into the Eurasian continent than during the last glacial (Svendsen et al., 2004; Colleoni 614 
et al., 2016; Hughes and Gibbard, 2018; Marks et al., 2018). Regarding the general distribution 615 
of δ18O in precipitation over Eurasia with strongest isotopic depletion over an area of the former 616 
eastern Eurasian Sheet (e.g. Badertscher et al., 2011), the pronounced negative values in the 617 
δ18Oostracods may not only point to large amounts of meltwater but also to its origin along the 618 
eastern Eurasian Ice Sheet. The most southern ice sheet component, the Dnieper lobe close to 619 
the Black Sea being absent during the last glacial (Svendsen et al., 2004), played possibly the 620 
most important role bridging the Eurasian Ice Sheet and the Caspian Sea-Black Sea drainage 621 
system. The minimum volume of the Eurasian Ice Sheet (Bintanja and van de Wal, 2008) during 622 
MIS 6, which corresponds to the maximum summer insolation at 65°N (Berger and Loutre, 623 
1991), would be in line with enhanced meltwater supply to the Caspian and Black Seas (Fig. 624 
6B, C). The dominance of the Caspian ostracod species Bacuniella dorsoarcuata (Boomer et 625 
al., 2005; Boomer, 2012; Richards et al., 2017) in the Black Sea during that period corroborates 626 
the suggested communication between the Black and Caspian Seas, as long as this is not a 627 




intrusions from the Caspian Sea into the Black Sea comes from Caspian mollusc assemblages 629 
detected in Black Sea sediments during that time (Zubakov, 1988). A preliminary study of 630 
dinoflagellate assemblages from selected samples of the Black Sea cores revealed occurrence 631 
of Caspidinium rugosum (Marret et al., 2004) confirming a connection between the Caspian 632 
and Black Seas during that period as well (L. Shumilovskikh; pers. comm.). 633 
In addition to the river Volga, the rivers Don, Dnieper, Dniester, and Danube may have 634 
contributed directly to the enhanced meltwater supply in the Black Sea “Lake”. A promising 635 
proxy for the assessment of meltwater pathways and sources for the glacial Black Sea forms 636 
the Sr-isotope signature of (ostracod) carbonate shells (87Sr/86Srostracods). An advantage of 637 
87Sr/86Srostracods is the fact that it is unaffected by temperature and/or biogenic fractionation, but 638 
can reflect the catchment geology and depends on the respective drainage region (Reinhardt et 639 
al., 1998; Major et al., 2006). The 87Sr/86Srostracod values decrease strongly from 0.709033 to 640 
0.708612 implying main freshwater supply and its mixing within the Black Sea “Lake” within 641 
approximately 7,500 years from 183.6 to 176.1 ka BP (Fig. 6I). Remarkably, the value of 642 
0.709033 at ca. 183.6 ka BP prior to meltwater supply is slightly lower than the modern Black 643 
Sea value, which is about 0.709120-0.709133 (Table 1; Major et al., 2006; Ankindinova et al., 644 
2019). Although other proxies, like the low Sr/Caostracods values, would exclude a connection to 645 
the Mediterranean Sea, the high radiogenic Sr-isotope level likely reflects a preceding 646 
Mediterranean-Black Sea connection. According to Badertscher et al. (2011), such connection 647 
may have indeed prevailed at 188.9 ka BP – 198.7 ka BP and 202.1 ka BP – 215.0 ka BP. 648 
During the BSWP-6-1, 87Sr/86Srostracods show relatively low values (0.708612-0.708747) 649 
being much less radiogenic compared to the meltwater periods during Terminations I and II 650 
(Table 1; Major et al., 2006; Wegwerth et al., 2014). Since freshwater contribution by rainfall 651 
alone would not change the Sr-isotopic composition of the Black Sea “Lake”, the decrease of 652 
the 87Sr/86Srostracods during that period points to enhanced riverine supply. Potential rivers with 653 




Dnieper and Don (Table 1). For river Dniester 87Sr/86Sr are not available and 87Sr/86Sr values 655 
from Danube and Sakarya are above the level during BSWP-6-1 (Table 1). Thus, in addition to 656 
the river Volga and the Caspian Sea, freshwater runoff by Dnieper and Don could explain the 657 
decrease of the 87Sr/86Srostracods. The Dnieper lobe represented the south-eastern flank of the 658 
Eurasian Ice Sheet at ~50°N, close to the Black Sea (Svendsen et al., 2004; Ehlers and Gibbard, 659 
2007; Marks et al., 2018; Fig. 1). Therefore, we assume that the freshwater contribution 660 
occurred not only via the Caspian Sea, but also by meltwater from the Dnieper lobe during its 661 
retreat probably in combination with drainage of a large ice-dammed lake south of the ice sheet 662 
margin (Svendsen et al., 2004; Lang et al., 2018). 663 
As figured out earlier for the last glacial (MIS 3), K/Ti ratios may help for estimation of 664 
the amount and source of riverine input (Wegwerth et al., 2016). The rise of K relative to Ti 665 
would point to an enhanced supply of detrital suspended matter predominantly via the northern 666 
and western rivers Danube, Dniester and Dnieper (Piper and Calvert, 2011). During BSWP-6-667 
1, K/Ti is very low suggesting reduced discharge from the northern and western rivers, except 668 
for slight increases during two short periods (179-176 ka BP, 172-171 ka BP, Fig. 5H). 669 
Regarding a modern oxygen isotope composition of -10.5‰ (VSMOW) for the river Danube 670 
(Özsoy et al., 2002) and a decrease to <-12‰ (VPDB) during BSWP-6-1, Danube discharge 671 
alone could not account for the δ18Oostracod depletion. Along with the very low radiogenic Sr-672 
isotope signature in the ostracods and the high abundance of ostracods of Caspian origin, we 673 
suggest that the largest amount of meltwater into the Black Sea passed through the Caspian Sea 674 
during BSWP-6-1. 675 
 676 
5.2 Meltwater interruption 167-160 ka BP (MIS 6d-c) 677 
The insolation decrease since 173 ka BP, which reached a minimum at ca. 160 ka BP, 678 
involved the re-expansion of the Eurasian Ice Sheet during the Drenthe ice advance, a 679 




cooling and reduced rainfall (Fig. 6A-C; Berger and Loutre, 1999; Bintanja and van de Wal., 681 
2008; Grant et al., 2012). Starting at ca. 170 ka BP, δ18Oostracod increased within 4,000 years 682 
from -12‰ to -2‰ implying major hydrological changes associated with an interruption of 683 
meltwater discharge due to ice sheet expansion (Fig. 6H). Although, this period was associated 684 
with long-term cooling and ice sheet expansion in northern Eurasia, frequent changes in TIC, 685 
TOC, and IRDC contents suggest stadial to interstadial conditions with three periods of higher 686 
productivity and milder winters (Fig. 5E-G).  687 
At ca. 164 ka BP and 161 ka BP, enhanced Sr/Caostracods point to a salinity rise in the Black 688 
Sea “Lake” (Figs. 5C), most likely due to the meltwater disruption and enhanced evaporation 689 
exceeding riverine freshwater supply. The asynchronous pattern between δ18Oostracod and 690 
Sr/Caostracod possibly resulted from cessation of meltwater discharge prior to increased 691 
evaporation. The two discrete peaks of Sr/Caostracod co-occur with rising Mg/Caostracod, which is 692 
roughly synchronous with the Greenland interstadials (Figs. 5B, C, 6D; Barker et al., 2011). 693 
The increased sedimentary K/Ti and higher radiogenic 87Sr/86Srostracod values of up to 0.708843 694 
at 162 ka BP point to riverine discharge mainly by the Danube River (Figs. 5H, 6I). The higher 695 
87Sr/86Srostracod values indicate a separation from the Caspian Sea and reduced riverine discharge 696 
from the river Dnieper being in line with an expanded Eurasian Ice Sheet and meltwater 697 
disruption. 698 
 699 
5.3 BSWP-6-2, 160-145 ka BP (MIS 6c-b) 700 
Since ca. 160 ka BP, the northern summer insolation increased and reached its maximum 701 
at ca. 148 ka BP, but was below that during the early MIS 6 at ca. 174 ka BP (Fig. 6A; Berger 702 
and Loutre, 1991). The insolation changes likely caused a shrinking Eurasian Ice Sheet again 703 
and a moderately increasing global sea level (Fig. 6B, C; Bintanja and van de Wal., 2008; Grant 704 




temperature decreased by about 6°C in the North Atlantic/western Mediterranean region (Fig. 706 
6D, E; Barker et al., 2011; Martrat et al., 2004, 2007). 707 
In the Black Sea “Lake”, the second large meltwater period during MIS 6 between 160 708 
ka BP and 145 ka BP (BSWP-6-2) was similar in duration to BSWP-6-1, but accompanied by 709 
somewhat different environmental conditions. Although the BSWP-6-2 falls within the period 710 
of a high insolation, Mg/Caostracod and IRDC imply rather cold glacial conditions in the Black 711 
Sea region, which strongly contrasts to the milder conditions during BSWP-6-1 (Figs. 6A, F, 712 
5E). The very low TOC and TIC contents in the sediment point to reduced productivity, most 713 
likely because of the colder conditions (Fig. 5F, G). This situation with subdued climate 714 
variability is comparable to the late MIS 3-MIS 2 situation in the Black Sea “Lake”, when 715 
insolation was on a similar level (Laskar et al., 2004; Wegwerth et al., 2015, 2016). The 716 
δ18Oostracod record during BSWP-6-2 shows a pronounced negative excursion with values up to 717 
-10‰ (VPDB; Fig. 6H). When compared to BSWP-6-1, showing an excursion up to -12‰ 718 
(VPDB), slightly lower amounts of meltwater likely entered the Black Sea “Lake” during 719 
BSWP-6-2, which is in line with a lower retreat and volume loss of the Eurasian Ice Sheet 720 
compared to BSWP-6-1 (Fig. 6C; Bintanja and van de Wal., 2008). The decreasing Sr/Caostracods 721 
ratios suggest a lowered salinity, but that was not as low as during BSWP-6-1 (Fig. 5C). 722 
Throughout this period of meltwater release into the Black Sea “Lake”, the 87Sr/86Srostracod 723 
values are above 0.709044 (max. 0.709207) and are much more radiogenic than during the first 724 
MIS 6 meltwater period (Fig. 6I). This finding strongly suggests different meltwater sources 725 
and drainage pathways during both the BSWPs. Although a Caspian overflow to the Black Sea 726 
was also suggested during BSWP-6-2 (Arkhipov et al., 1995; Svitoch et al., 2000), such 727 
conditions are not compatible with the considerably heavier Sr-isotope signature. Evidence 728 
indicates that the Eurasian Ice Sheet configuration differed strongly during BSWP-6-1 and 729 
BSWP-6-2. While the Eurasian Ice Sheet was separated into a Fennoscandian and a British Irish 730 




2009). This likely caused diverging meltwater pathways and may explain why the imprint of 732 
meltwater discharge during BSWP-6-2 is stronger in Western Europe than BSWP-6-1, which 733 
was possibly stronger in Eastern Europe as reflected in Black Sea “Lake” δ18Oostracod record. 734 
The pronounced retreat of the Eurasian Ice Sheet at the beginning of MIS 6 may also have 735 
produced large ice-dammed lakes at the ice sheet margins (Lang et al., 2018). BSWP-6-2 (160-736 
145 ka BP) occurred nearly during the same time as the massive ‘Fleuve Manche’ (Channel 737 
River, 160-150 ka BP) palaeoriver discharge from the Fennoscandian Ice Sheet into the Bay of 738 
Biscay (Penaud et al., 2009; Toucanne et al., 2009; Boswell et al., 2019). The identification of 739 
a coeval meltwater event in the Black Sea suggests that the meltwater discharge occurred not 740 
only by one mega-river system draining into the Atlantic as assumed so far (e.g., Penaud et al., 741 
2009), but was accompanied by an eastern European drainage component draining into the 742 
Caspian Sea–Black Sea–Mediterranean Sea corridor. At the same time, alpine ice melting (Piva 743 
et al., 2008; Toucanne et al., 2009) may have amplified freshwater supply into the Black Sea 744 
“Lake” from the Danube drainage area, possibly resulting in pronounced variations in the Black 745 
Sea “Lake” level. A higher Danube contribution is supported by the slightly lower negative 746 
δ18O excursion (containing less negative values compared to Volga) and higher K/Ti ratios 747 
(Figs. 6H, 5H). 748 
As mentioned above, the most striking difference between both large BSWPs is the Sr-749 
isotope signature with much higher radiogenic values during BSWP-6-2 (0.709044-0.709207). 750 
Similar and even higher 87Sr/86Srostracods values were determined in another gravity core 751 
(Wegwerth et al., 2014) and in the present study for BSWP-II during Termination II coinciding 752 
with Heinrich event 11. Apart from both meltwater periods during MIS 6 (BSWP-6-2 and 753 
BSWP-II), such highly radiogenic Sr-isotope values were not detected during any other time 754 
slices throughout the late Pleistocene and Holocene in the Black Sea so far (Major et al., 2006; 755 
Yanchilina et al., 2017; Ankindinova et al., 2019). Sr-isotope data from Miocene and Pliocene 756 




6 (Table 1; Vasiliev et al., 2010; Van Baak et al., 2019). The available present day Sr-isotope 758 
data of rock and sediment sources from the Black Sea drainage areas as well as the rivers 759 
entering the Black Sea show values that are far too low for explaining the high radiogenic values 760 
during BSWP-II and BSWP-6-2 meltwater periods (Table 1). Both, rocks in the 761 
Anatolian/Pontic Mountains and Caucasus have 87Sr/86Sr values <0.7054 (Mengel et al., 1987; 762 
Lebedev et al., 2007; Altherr et al., 2008; Aydin et al., 2008; Kaygusuz and Aydınçakır, 2009). 763 
A study presenting Sr-isotope data of modern and Holocene mollusc shells from the 764 
Baltic Sea shows high radiogenic Sr values like our Black Sea ostracods, which are explained 765 
by the high radiogenic Sr isotope signature of Precambrian rocks along the Scandinavian craton 766 
(modern: av. 0.709566, n=19; subfossil (6.6-3.2 ka BP): 0.709306, n=16; Table 1; Widerlund 767 
and Andersson, 2006). However, these data represent Holocene values and reflect the large 768 
amounts of modern riverine input in the Baltic Sea. Today, rivers draining the Precambrian 769 
Shield show a Sr-isotope signature >0.725 (Négrel et al., 2005). During MIS 6, however, the 770 
Scandinavian craton was completely covered by ice (Svendsen et al., 2004). In that case, erosion 771 
and weathering was likely strongly reduced in that region preventing the export of the high 772 
radiogenic Sr-isotope signature to the Black Sea. Therefore, the meltwater arriving at the Black 773 
Sea most likely originated from the ice sheet margins and ice-dammed lakes on the east 774 
European platform, where mostly Phanerozoic material with lower Sr-isotope values is exposed 775 
(Widerlund and Andersson, 2006). During the same period of BSWP-6-2, considerable 776 
amounts of meltwater entered the Bay of Biscay (Toucanne et al., 2009), which was potentially 777 
associated with ice sheet retreat along the margins of the Fennoscandian craton. Low amounts 778 
of water draining small parts of that high radiogenic region could have been sufficient to 779 
account for a high radiogenic signature of water draining into the Black Sea region. 780 
Nevertheless, since records of other time slices of meltwater release into the Black Sea 781 
originating from the Fennoscandian Ice Sheet show much lower 87Sr/86Sr values, other sources 782 




Previously, Wegwerth et al. (2014) hypothesised that the high radiogenic 87Sr/86Srostracods 784 
signature for the T II meltwater pulse (0.709452) derived from a Himalayan freshwater source 785 
because streams draining the Lesser Himalaya have a very high radiogenic Sr-isotope 786 
composition (Table 1; Henderson et al., 1994; Jacobson et al., 2002). More precisely, it was 787 
suggested that the Amu Darya was fed by Himalayan rivers carrying high Sr-radiogenic water 788 
directly to the Caspian Sea, which in turn entered the Black Sea via the Manych Depression 789 
(Wegwerth et al., 2014). Although the modern Amu Darya drains into the Aral Sea, its channel 790 
seems to have changed the direction several times and was even connected to the Caspian Sea 791 
via the Lake Sarykamysh and the Uzboy Channel (Boomer et al., 2000; Boomer, 2012). A 792 
detailed history of the different courses of the various rivers in the Aral-Caspian region is given 793 
by Boomer et al. (2000) and references therein. Sr-isotope data from the drainage basin of the 794 
Caspian and Aral Seas are rare, but the high radiogenic value of 0.70940 of the Syr Darya 795 
(Pokrovsky et al., 2017) likely corroborates our suggestion of a freshwater source in the western 796 
Himalaya. The Syr Darya is fed by the rivers Naryn and Qoradaryo originating from the Tian 797 
Shan Mountains in Kirgizstan (Pokrovsky et al., 2017; Burr et al., 2019). The Amu Darya 798 
originates from the Pamir Mountains. Both rivers carried glacier meltwater from the Tian Shan 799 
and Pamir Mountains and formed the modern Aral Sea (Burr et al., 2019). The loess from Tian 800 
Shan contains high radiogenic 87Sr/86Sr values and is a source for Syr Darya and Amu Darya, 801 
which explains the high values at least for Syr Darya (no data are available for Amu Darya) 802 
(Pokrovsky et al., 2017 and references therein). Here we refine our previous hypothesis and 803 
propose that a potential source for the high radiogenic Sr during BSWP-6-2 and BSWP-II were 804 
loess deposits and riverine meltwater from the Tian Shan (and probably Pamir) mountains. We 805 
suggest that this meltwater, carrying the high radiogenic Sr, reached the Black Sea via Syr 806 
Darya/Amu Darya, Uzboy, and the Caspian Sea. A more extensive glaciation during the 807 
penultimate (Dabudaer) glacial in the Himalaya/Pamir (Owen et al., 2012; Owen and Dortch, 808 




glacier meltwater from central Asia during the penultimate glacial and its absence during the 810 
last glacial in the Black Sea “Lake” (Major et al., 2006). 811 
 812 
5.4 Penultimate glacial maximum and Termination II: 145-130 ka BP (MIS 6b-a) 813 
Since ca. 148 ka BP, the northern summer insolation decreased to a minimum at ca. 138 814 
ka BP (Fig. 6A; Berger and Loutre, 1991), which coincides with an expanded Eurasian Ice 815 
Sheet (Warthe ice advance) culminating during the penultimate glacial maximum at around 140 816 
ka BP (Fig. 6C, Colleoni et al., 2016). Between 145 ka BP and 135 ka BP, temperatures seem 817 
to have fluctuated only slightly in the Greenland region (Barker et al., 2011). The T II–warming 818 
followed the increase of insolation and the final retreat of the Eurasian Sheet preluding the 819 
Eemian interglacial. In the North Atlantic/western Mediterranean region, warming took place 820 
already since ca. 142 ka BP, which was shortly interrupted by the Younger-Dryas-like cooling 821 
period between 131 ka BP and 129 ka BP (Fig. 6E, Martrat et al., 2004, 2007). 822 
In the Black Sea region, temperatures remained at a low level and started to rise since ca. 823 
131 ka BP as witnessed by increasing Mg/Caostracods ratios, slightly increasing surface 824 
temperatures, and decreasing IRDC (Figs. 5E, 6F; Wegwerth et al., 2014 and this study). A 825 
Younger-Dryas-like cold period in the Black Sea remained questionable from a previous study 826 
(Shumilovskikh et al., 2013b; Wegwerth et al., 2014). Relatively low and constant TOC and 827 
TIC contents suggest persistence of the low productivity (Fig. 5F, G).  828 
The δ18Oostracod record shows a long-term decline and fluctuations only on a low level 829 
(Fig. 6H). Two periods with a strong decrease of δ18Oostracod and lowered Sr/Caostracods imply 830 
two periods of meltwater discharge and freshening in the Black Sea “Lake” around 137 ka BP 831 
and 132 ka BP (Fig. 5A, C). The former corresponds to the aforementioned meltwater pulse 832 
BSWP-II (Wegwerth et al., 2014), whereas the first likely points to first indications of the 833 
ultimate collapse of the Eurasian Ice Sheet. Although not visible in the volume of the Eurasian 834 




ka BP (Grant et al., 2012) corroborates a retreat of the continental ice sheets and substantial 836 
meltwater release shortly after the penultimate glacial maximum. Increasing sedimentary K/Ti 837 
since ca. 139 ka BP suggests enhanced discharge from the northern and western rivers, in 838 
agreement with the meltwater contribution. 839 
Similar to BSWP-II (compare with chapter 5.3), higher radiogenic Sr-isotopes of the 840 
ostracods at 137 ka BP (0.709043) likely point to a surplus of glacier water from the Tian Shan 841 
and Pamir Mountains via the Caspian Sea (Fig. 6I). Although the Sofular Cave bears a gap 842 
during that short period, faunal evidence from Black Sea sediments supports a Caspian-Black 843 
Sea connection (Svitoch et al., 2000) already since 138 ka BP. During BSWP-II, 87Sr/86Srostracod 844 
values increase to 0.709452 between 132 and 131 ka BP and represent the maximum of the 845 
entire MIS 6 (Wegwerth et al., 2014, Fig. 6I). 846 
The strongly increasing Mg/Caostracod values (Fig. 6F) reflect the warming during 847 
Termination II and the Eemian, as discussed in detail by Wegwerth et al. (2014). The warming 848 
was accompanied by the global sea-level rise (Grant et al., 2012) resulting in the Mediterranean-849 
Black Sea reconnection, an increased salinity of up to 30‰ (Shumilovskikh et al., 2013a), and 850 
sapropel formation (Wegwerth et al., 2014, 2018). Shortly after the connection, the higher 851 
Sr/Caostracod values point to increasing salinity, while the strongly increasing TOC contents 852 
reflect the sapropel formation (Fig. 5C, G). Approximately 1 ka after the reconnection, 853 
ostracods disappeared due to sulphidic bottom water conditions (Wegwerth et al., 2018). 854 
 855 
6. Summary and concluding remarks 856 
The present study provides a multi-proxy record from the former Black Sea “Lake” 857 
covering almost the entire MIS 6 (184-130 ka BP). Warmer and more productive conditions 858 
during the first (older) half of MIS 6 coincide with an insolation maximum and suggest 859 
Dansgaard-Oeschger-like interstadials. The second (younger) half of MIS 6 shows a more 860 




The most remarkable finding of the present study results from the combination of 862 
δ18Oostracod and 
87Sr/86Srostracod records. The δ
18Oostracod record demonstrates a strong response to 863 
the growing and shrinking Eurasian Ice Sheet fingerprinting meltwater release into the Black 864 
Sea “Lake”. During periods of increased northern-hemispheric summer insolation, three main 865 
periods with pronounced and long-term negative excursions of δ18Oostracod indicate intense 866 
meltwater discharge with considerably higher amounts than during the last glacial. The marked 867 
dissimilarity in the 87Sr/86Srostracod signatures between the meltwater periods during the first and 868 
second half of MIS 6 requires different meltwater pathways and sources. 869 
The relatively low 87Sr/86Srostracod values along with a dominance of Caspian ostracod 870 
species during the first meltwater period (180-167 ka BP) suggest a connection to the Caspian 871 
Sea and a freshwater source in the eastern Eurasian Ice Sheet. During the second and third 872 
meltwater periods, the Sr-isotopes of the ostracods are highly radiogenic. This can be explained 873 
either by a source in the radiogenic Precambrian craton of Scandinavia or by an origin in the 874 
Himalayan foothills, where loess and rivers carry a high Sr-radiogenic signature. However, 875 
since the Scandinavian craton was completely covered by the Eurasian Ice Sheet during that 876 
time, it is probably more conceivable that during the last two meltwater periods, a surplus of 877 
radiogenic water from glaciers in the Tian Shan and Pamir Mountains entered the Black Sea 878 
via the rivers Amu Darya, Syr Darya, and Uzboy, and the Caspian Sea. Future Sr-isotope 879 
analyses of rivers originating from the Tian Shan, Pamir, and Himalaya would support a better 880 
understanding of meltwater pathways and the dynamics of the palaeo-channel history in the 881 
Caspian-Aral Sea drainage basin. If our suggestion of an interplay between western Himalayan 882 
mountains and the Caspian/Black Sea region will be supported by future studies, the Himalayan 883 
region likely impacted the Caspian sea level not only during the Holocene (Leroy et al., 2007, 884 
2013), but also during glacial times.  885 
Concerning the extreme negative excursions in the δ18Oostracod record, that suggests 886 




rise and potentially with an overflow into the Marmara and Mediterranean Seas. Interestingly, 888 
the first and strongest meltwater period falls within the formation of the so-called “cold 889 
sapropel” S6 in the Mediterranean Sea (Bard et al., 2002; Schmiedl et al., 2003; Rohling et al., 890 
2015). Although, the freshening in the Mediterranean Sea during S6 formation probably 891 
resulted mostly from high African monsoonal activity and freshwater discharge from the river 892 
Nile causing density stratification that favoured sapropel formation (Bard et al., 2002; Schmiedl 893 
et al., 2003; Rohling et al., 2015), a surplus from outflowing Black Sea “Lake” freshwater may 894 
have contributed as well. 895 
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Figure captions 1438 
 1439 
Fig. 1. Map showing Eurasia including the coring site of MSM 33 in the Black Sea (yellow star), regions 1440 
discussed in the text and the maximum extent of the Eurasian Ice Sheet during the Saalian (MIS 6; 1441 
modified from Svendsen et al., 2004) and Weichselian (MIS 2 and 3; modified from Larsen et al., 2006). 1442 
The 100 m isobath in the Black Sea gives an idea about the glacial Black Sea “Lake” level. Arrows 1443 
indicate potential meltwater pathways during different periods of MIS 6; ’Fleuve Manche’ discharge 1444 
adapted from Toucanne et al. (2009). BSWP refer to Black Sea water pulses. BS=Black Sea, 1445 
MD=Manych Depression, CS=Caspian Sea, AS=Aral Sea, MS=Marmara Sea, AeS=Aegean Sea, 1446 
SC=Sofular Cave, AC=Abaliget Cave; rivers: S= Sakarya, K=Kizilirmak, Y=Yesilirmak. The inlay 1447 
shows a detailed map of the study area with core locations at the Archangelsky Ridge; gravity cores: 1) 1448 
M72/5/22GC-8, 2) MSM33/61-1GC, 3) MSM33/60-1GC, 4) MSM33/57-1GC and MSM33/56-1GC.  1449 
 1450 
Fig. 2: Ca/TiXRF ratios of cores MSM33/60-1GC, MSM33/57-1GC and MSM33/56-1GC and the 1451 
composite core profile. 1452 
 1453 
Fig. 3: Bivariate elemental plots of tephra glass chemical data for tephra source identification. Data used 1454 
for comparison are from Federman and Carey (1980), Vinci (1985), Tryon et al. (2009), Schmincke and 1455 
Sumita (2014), Bourne et al. (2015), Tomlinson et al. (2012, 2015), Satow et al. (2015), Leicher et al. 1456 
(2016), and Giaccio et al. (2017). Lago Grande di Monticchio (TM) tephra data derived from Wulf et 1457 
al. (2012).  1458 
 1459 
Fig. 4. Age-depth relation of composite core from MSM33 expedition constructed by correlation of the 1460 
δ18Oostracod record of the composite core with δ18O records of speleothems from Sofular Cave (Anatolia; 1461 
Badertscher et al., 2011) and Abaliget Cave (Hungary; Koltai et al., 2017). Further age control points 1462 
come from the tephra analyses. The unknown tephra forms a time marker adapted from a dated parallel 1463 
core (M72/5/22GC-8; Wegwerth et al., 2014). The inlay shows the correlation of tie points between the 1464 
composite core and core M72/5/22GC-8 with an already existing age model (Shumilovskikh et al., 1465 
2013a, b; Wegwerth et al., 2014) for the youngest part of the record.  1466 
 1467 
Fig. 5. Temporal variation of environmental proxies of the composite core during MIS 6 and the onset 1468 
of MIS 5e (184-124 ka BP). A) δ18O of the ostracods; B) Mg/Ca ratios of the ostracods; C) Sr/Ca ratios 1469 
of the ostracods; D) 87Sr/86Sr record of the ostracods of the present composite core (filled circles) and 1470 
core M72/5/22GC-8 (white circles; Wegwerth et al., 2014); E) number of coastal ice-rafted detritus 1471 
(IRDC); F) content of total inorganic carbon (TIC); G) content of total organic carbon (TOC); H) 1472 
ln(K/Ti)XRF. The thick lines in B, C, and E show the simple 3-point moving average. The vertical dashed 1473 
line indicates the Mediterranean-Black Sea reconnection and triangles position of the tephra samples. 1474 
MIS 6 substages a-e were adapted from Railsback et al. (2015).  1475 
 1476 
Fig. 6. Temporal variation of A) summer insolation at 65°N (Berger and Loutre, 1991); B) smoothed 1477 
relative sea level (Grant et al., 2012); C) Eurasian Ice Sheet (EIS) volume relative to present (Bintanja 1478 
and van de Wal, 2008); D) δ18O variations of a synthetic Greenland ice core reflecting temperature 1479 
changes (Barker et al., 2011); E) alkenone-based sea surface temperatures (SST) in the western 1480 
Mediterranean Sea (Martrat et al., 2004); F) Mg/Ca ratios of the ostracods (this study); G) δ18O record 1481 
of Sofular speleothems So-6-3 and So-4 (Badertscher et al., 2011); H) δ18O of the ostracods (this study); 1482 
I) 87Sr/86Sr record of the ostracods of the present composite core (filled circles) and core M72/5/22GC-1483 
8 (white circles, Wegwerth et al., 2014) dashed line indicates the modern 87Sr/86Sr level in the Black Sea 1484 
(Major et al., 2006). Vertical grey bars denote meltwater periods. BSWP refer to Black Sea water pulses. 1485 
MIS 6 substages a-e were adapted from Railsback et al. (2015).  1486 
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penultimate glacial (MIS 6) >140 ka BP
last glacial maximum (MIS 2) ~20 ka BP
last glacial (MIS 3) ~55 - 45 ka BP
BSWP-6-1 ~173 ka BP
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Table 1: 87Sr/86Sr data for different water sources and (pre-)Holocene carbonate shells; 
BSWP=Black Sea Water Pulse; T I/T II=Termination I/II. 
 
material 87Sr/86Sr reference 
water   
modern ocean water 0.709155 – 0.709172 Henderson et al., 1994; Meknassi et al., 2018 
Black Sea  0.7093 
0.709133 
0.709120 – 0.709155 
Cox and Faure, 1974 
Major et al., 2006 
Ankindinova et al., 2019 
Caspian Sea 0.70821 – 0.7085 
 
Clauer et al. 2000; Palmer and Edmond, 
1989; Page et al., 2003 
Aegean Sea 0.709157 Major et al., 2006 
Marmara Sea 0.709150 Major et al., 2006 
Danube 0.7089 Palmer and Edmond,1989 
Dnieper 0.7084 Palmer and Edmond,1989 
Don  0.7084 Palmer and Edmond,1989 
Sakarya 0.7089 Major et al., 2006 
Volga 0.70802 – 0.708083 Clauer et al., 2000; Page et al., 2003 
Ural 0.7082 Vasiliev et al., 2010 
Syr Darya / av. Aral Sea 
Lesser Himalayan streams 
0.70940 / 0.70914 
0.7166 – 1.023 
Pokrovsky et al., 2017 
Jacobson et al., 2002 
ostracods/molluscs   
Black Sea BSWP T I 0.708808 – 0.709102 Major et al., 2006 
Black Sea BSWP T II 
Black Sea BSWP-6-2 
Black Sea BSWP-6-1 
Paratethys (Mio-/Pliocene) 
0.709092 – 0.709452 
0.709044 – 0.709207 
0.708612 – 0.709033 
0.70865 – 0.70885 
Wegwerth et al., 2014; this study 
this study 
this study 
Vasiliev et al., 2010 
Caspian Sea at 100 ka BP max. 0.70842 – 0.70864 Page et al., 2003 
Baltic Sea (modern) 
Baltic Sea (subfossil, Holocene) 
0.709566 
0.709306 
Widerlund and Andersson, 2006 
Widerlund and Andersson, 2006 
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